Abstract -We aim to present the principle, design, fabrication and measurement results of a quasi digital accelerometer fabricated on thin silicon-on-insulator (SOl) substrate. The presented device features quasi-digital output, therefore eliminating the need for analogue signal conditioning. The accelerometer can be directly interfaced to digital electronic circuitry. The measurements showed a pull-in voltage of 2.7V and a pull-in time from 0 to 1G to be 3.2fJs.
INTRODUCTION
Among a range of silicon micromachining technologies, micromachining on thin-Sal substrate provides a good platform for monolithic integration of MEMS devices with the Ie readout circuitry. Moreover, thin-Sal micromachining technology enables chip-scale packaging of small footprint MEMS devices on wafer-level, by sealing the MEMS devices with additional deposited layers. On the other hand, large footprint MEMS structures can readily be packaged using wafer bonding techniques. Hence, thin-Sal micromachining technology can be effectively leveraged to realise low-cost accelerometers for automotive, consumer and medical applications.
It is known that the pull-in voltage and pull-in time are functions of the applied acceleration [1, 2] . Previously an accelerometer using the pull-in time mode was fabricated in aluminium by surface micromachining using two masks. However the reported fabrication process using aluminium as a structural material suffered from several limitations such as poor yield and asymmetry in the pull-in time output due to bending of the structure during the releasing process. Although asymmetry issue could be compensated by the driving circuitry, this approach will increase the complexity. In order to overcome these problems, in this work, a quasi-digital accelerometer with pull-in time-mode configuration [2] has been fabricated on thin-Sal substrate with its sensitive axis in the wafer plane. This fabrication is quite straight forward and uses only one mask simplifying the process.
II. OPERATION PRINCIPLE
The principle of the device is shown in Fig. 1 . By applying the pulse voltages tPI and th to the electrodes 1 and 2 alternately, the mass is pull-in at the stoppers 1 and 2 alternately. T] is the pull-in time from the stopper 1 to 2, and T 2 is pull-in tome from the stopper 2 to 1. When there is no acceleration in the x direction, T 1 =T 2 =T o . If there is an acceleration in the x direction, the differential pull-in time, i1T=T 2 - 
III. ANALYSIS
The movement of the mass between the stoppers can be described by the equation:
where a is the acceleration, V the driving voltage, A the area of the electrode, do the initial electrode gap and x the displacement. To keep the device working in the pull-in mode, the driving voltage must be higher than the minimum pull-in voltage and the previous pulse voltage should be held long enough to make sure that the initial condition is x= O. To discuss the characteristics in general, a dimensionless equation is preferred. The corresponding dimensionless equation of (1) is When the damping is zero, the analytical pull-in time can be obtained [2] . The differential pull-in time Ll, = '2 -' 1 can be written as:
978-1-4244-4630-8/09/$25.00 ©2009 IEEE (3) where: The resonant frequency is calculated to be 1.8 kHz. When the displacement is 0, the damping ratio is calculated to be ?104. The pull-in v~lta~e is calculated to be 2.36V. The pullm voltage of fmgers IS higher than 10V when the mass is at the pull-in position. The static and dynamic properties of the accelerometer in pull-in mode are analysed numerically with Matlab. When the driving voltage is 8V, the pull-in time is c~lculated to be 77f.!s. Fig.3 shows the differential pull-in time with respect to the acceleration, which was obtained by simulation.
For the device with light damping, the maximum acceleration is larger than (6) due to over-shooting [1] . The maximum acceleration ofthe device without damping is given by:
where, ±A is the positions of the stoppers.
It can be obtained from (3) that Ll T is proportional to the acceleration. When the acceleration is very large, the structure does not pull-in. The maximum acceleration that can be meas~ed is a fun~tion of the operating voltage. To simplify the analysIs, the maXImum acceleration is estimated with the initial conditions X = 0 and i' = 0 .
When the damping is very high, the maximum acceleration is: ISSUES RELATED To AL MICROMACHINING Previous fabrication approach using two masks and aluminium as a structural material is explained as follows. At fITst, the If.!m PECVD 4% PSG (4% of phosphorus in PSG) was deposited on oxidised silicon wafer in Novellus system and patterned to form sacrificial layer. Then the 3f.!m low temperature Al was sputtered in Trikon Sigma sputter coater. After lithography the layer was patterned in Trikon Omega 201 plasma etcher, forming the device. Finally the structure was released by removing PSG sacrificial layer in 73%HF (hydrofluoric acid) with addition of iso-propanol. To prevent problem of stiction the freeze drying process was employed after sacrificial step.
Figs. 4 and 5 show the SEM images of the fully released Al device. However this fabrication approach suffers from several limitations such as poor yield and asymmetry in the pull-in time output due to bending of the structure during the releasing process, Fig. 6 . The corresponding measured CV curves are presented in Fig. 7 . Although this asymmetry could be compensated by the driving circuitry, this approach will increase the complexity. Besides, micromachining using Al as 
VI. THIN-SOIFABRICATION
In order to overcome these problems, in this work, the accelerometer was fabricated on a thin-Sal substrate. This post-IC fabrication is quite straight forward and is illustrated in Fig. 8 . This process uses a single-mask and a lOOmm, 400Jlm thick sal substrate as the starting material (Fig. 8a) . The active silicon layer is 4Jlm thick and the buried oxide thickness is 400nm. The initial step starts with the deposition of photoresist mask followed by lithographic patterning of the microaccelerometer structure (Fig. 8b) . The active silicon layer is patterned using RIE, stopping on the buried oxide (Fig. 8c) . In this step, the proof-mass is also perforated to assist the releasing process. The buried oxide layer is then sacrificially etched using a HF-based etchant to release the microstructure (Fig. 8d ). This step is immediately followed by a Cyclohexanebased freeze-drying process in order to avoid stiction of the released microstructures. Finally, a thin layer of aluminium is sputtered onto the bond pads (Fig. 8e) , completing the device processing. a structural material also restricts the thickness of the proofmass which oses limitation on the achievable sensitivi .
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The corresponding measured CV curves are presented in Fig. 6 . Although this asymmetry could be compensated by the driving circuitry, this approach will increase the complexity. Besides, micromachining using Al as a structural material also restricts the thickness of the proof-mass which poses limitation on the achievable sensitivity.
VII. RESULTS Fig. 9 presents the SEM image of a free-standing SOl microstructure. A detailed SEM image of a fully released quasi-digital accelerometer is presented in Fig. 10 that shows the actuating comb-drives, perforated proof-mass, the spring and the stopper. Fig. 11 presents top view of fabricated device which was measured. The capacitance-voltage results are shown in Fig.  12 . The pull-in voltage was around 2.7 V which can be explained due to small undercut occurring during the RIE etching (Fig 9) 
CONCLUSIONS
The principle, design, fabrication and measurement results of a thin SOl quasi digital accelerometer fabricated were presented. The presented device features quasi-digital output, therefore eliminating the need for analogue signal conditioning circuitry. The use of thin-SOl substrate overcomes the limitations of the Al surface micromachining. The pull-in voltage was 2.7 V. The pull-in time from 0 to IG was 3.2f.!s.
